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(57) ABSTRACT

Modular photoacoustic detection device comprising:

a photoacoustic cell including at least two chambers
connected by at least two capillaries and forming a
Helmholtz type differential acoustic resonator;

acoustic detectors coupled to the chambers;

a light source capable of emitting a light beam having at
least one wavelength capable of exciting a gas intended
to be detected and which can be modulated to a
resonance Irequency of the photoacoustic cell;

a first photonic circuit optically coupling the light source
to an input face of a first of the chambers;

wherein the first photonic circuit 1s arranged 1n a detachable
manner 1 a first housing formed in the acoustic cell and
emerging on the mput face of the first chamber.
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MODULAR PHOTOACOUSTIC DETECTION
DEVICE

TECHNICAL FIELD AND PRIOR ART

[0001] The 1nvention relates to the field of mimaturized
photoacoustic detection devices, and notably that of minia-
turized gas sensors making use of a photoacoustic effect for
measuring the concentration of some gaseous elements.
[0002] The principle of a measurement of a gas by pho-
toacoustic eflect 1s based on the excitation of an acoustic
wave 1n the gas by a light source such as a pulsed or
amplitude or wavelength modulated laser. The wavelength
of the radiation, for example 1n the mid-infrared (MIR), the
near-infrared (NIR), or the visible or UV domain, emitted by
the laser 1s chosen to interact specifically with the molecules
of the gas to detect. The emission of the light source being
modulated, the energy absorbed by the gaseous molecules 1s
restored 1in the form of a transitory heating which generates
a pressure wave, itsell measured by an acoustic detector
such as a microphone. Although the photoacoustic effect has
been known for a long time, 1ts use for gas measurement has
been made possible by the implementation of monochro-
matic light sources such as lasers, and sensitive microphones
such as electret capacitive microphones.

[0003] Detection 1s improved by confining the gas in a
cavity and by modulating the laser to an acoustic resonance
frequency of the cavity. The amplitude of the acoustic wave
obtained 1s directly linked to the concentration of the gas-
cous compound searched for 1n the gas present in the excited
cavity.

[0004] Detection efliciency 1s based to a large extent on
the ethicient coupling of the luminous flux of the laser with
the gas contained in the resonating cavity because the
measured signal 1s proportional to the energy absorbed, then
dissipated, by the gas.

[0005] The document WO 03/083455 Al describes a
photoacoustic measurement device making 1t possible to
detect the presence of a gas and comprising a particular
structure of photoacoustic cell called “Differential Helm-
holtz Resonator” (DHR), or Helmholtz type differential
acoustic resonator. Such a photoacoustic cell comprises two
identical chambers connected together by two capillaries.
Acoustic resonance 1s produced by exciting only one of the
two chambers. At resonance, the pressures in the two
chambers oscillate 1n phase opposition. The pressures in the
chambers are measured by microphones placed on the walls
of the two chambers. With such a resonator, the calculation
of the diference between the signals coming from each
chamber, which corresponds to the useful signal, makes 1t
possible to increase the amplitude of the measured signal
and to eliminate a part of the surrounding noise, and thus to
have 1n the end a good signal to noise ratio.

[0006] Such a device nevertheless has the drawbacks of
being limited to a non-minmiaturized laboratory apparatus, of
having limited transmission wavelengths, of being sensitive
to temperature variations and to vibrations, and of having
significant constraints of positioning and alignment of its
clements for 1ts production.

[0007] The document EP 2 315 096 Al describes a pho-
toacoustic gas detection device comprising a DHR type
mimaturized photoacoustic resonator itegrated on silicon.
The structure of this detector 1s obtained by the implemen-
tation of techniques from the microelectronics field 1n sev-
eral substrates bonded together. The manufacturing process
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imposes placing the MIR waveguide, which makes 1t pos-
sible to 1nject the optical laser signal into one of the two
chambers, 1n the lower part of the central substrate which 1s
thinned to a thickness determined by the height of the
chambers. The whole of the device 1s produced in the form
of a single nano-photonic circuit integrating all the elements
of the device.

[0008] Thus, this device 1s mimaturized, which has numer-
ous advantages. In fact, this miniaturization makes 1t pos-
sible to have a stronger pressure signal produced by the
sensor due to the fact that this signal increases when the size
ol the resonator 1s reduced. DHR resonators are particularly
well suited to miniaturization and to integration on silicon
because they are relatively insensitive to the location of the
thermal energy deposition and because, the pressure being
practically constant in each chamber, 1t 1s possible to mul-
tiply the number of microphones per chamber to improve the
signal to noise ratio.

[0009] On the other hand, the monolithic structure of this
device poses several drawbacks.

[0010] In fact, after one or more gas detections, the
chambers of the photoacoustic cell may be contaminated by
the gas or gases detected. It 1s also possible that the
microphones no longer work after several gas detections.
Yet, with such a monolithic structure, 1t 1s then necessary to
replace the whole detection device to carry out new gas
detections.

[0011] In addition, 1n order to be able to carry out the
detection of different gases, the device necessarily makes
use ol several different laser sources, which represents a
significant cost for the production of the detection device.
This 1s all the more problematic when the contamination of
the chambers of the photoacoustic cell imposes the replace-
ment of these different laser sources.

DESCRIPTION OF THE INVENTION

[0012] An aim is thus to propose a photoacoustic detection
device not posing the problems linked to monolithic detec-
tion devices of the prior art, that 1s to say not requiring a
replacement of the whole of the detection device when the
chambers of the photoacoustic cell are contaminated by
gases, and which can serve 1n the detection of diflerent gases
without having to integrate necessarily different light
sources 1n the device.
[0013] For this, a modular photoacoustic detection device
1s proposed comprising at least:
[0014] a photoacoustic cell including at least two cham-
bers connected by at least two capillaries and forming
a Helmholtz type diflerential acoustic resonator;
[0015] acoustic detectors coupled to the chambers;
[0016] a light source capable of emitting a light beam
having at least one wavelength capable of exciting a
gas intended to be detected and which can be modu-
lated to a resonance frequency of the photoacoustic
cell;
[0017] a first photonic circuit optically coupling the
light source to an mput face of a first of the chambers;
[0018] wherein the first photonic circuit 1s arranged 1n a
detachable manner 1n a first housing formed 1n the acoustic
cell and emerging on the mput face of the first chamber.

[0019] Thanks to the detachable character of the first

photonic circuit, this photoacoustic detection device 1s
modular. Thus, the light source, the first photonic circuit and
the photoacoustic cell form elements that can be dismantled
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from each other and are thus replaceable independently of
cach other when one of said elements 1s faulty. For example,
if the chambers of the photoacoustic cell are contaminated
following a gas detection, only the photoacoustic cell may
be replaced and the new photoacoustic cell may be coupled
to the other elements of the device which are kept (photonic
circuit, light source, etc.). I the light source becomes faulty,
it 1s possible to replace 1t without having to replace the
photoacoustic cell and the first photonic circuit. Similarly,
when the acoustic detectors no longer work, 1t 1s possible to
replace them without having to change the light source and
the first photonic circuit.

[0020] The modular character of the detection device 1s
also advantageous because it 1s possible to change easily the
light source 1n order to detect different gases while using the
same photoacoustic cell. This avoids having to integrate
several different sources in the detection device.

[0021] These advantages enable a reduction in the oper-
ating costs of the photoacoustic detection device. It 1s thus
possible to mass produce these devices able to serve 1n the
monitoring of gases of atmospheric interest, for example 1n
the prediction of gas leakages 1n a short time 1n industry or
for the detection of toxic gas for example 1n airplanes.
[0022] The photoacoustic detection device may be quali-
fied as “mimaturized”, that 1s to say having lateral dimen-
sions less than around 10 cm.

[0023] A photonic circuit does not correspond to an optic
fiber. In fact, a photonic circuit 1s a circuit produced on a
substrate of material, for example made of semiconductor,
which 1s not the case of an optic fiber. Moreover, a photonic
circuit has a planar structure, unlike an optic fiber which has
a cylindrical structure.

[0024] In addition, a photonic circuit may comprise dii-
terent functionalities. Thus, a photonic circuit may form a
circuit multiplexer (with several mputs and one output)
and/or demultiplexer. A photonic circuit may also form a
collimator and/or fulfil a funnel (or “bundle”) function
including several inputs and several outputs, which makes 1t
possible to limit the bulk compared to the use of several
optic fibers 1 several wavelengths are emitted by the light
source.

[0025] In addition, a photonic circuit 1s well suited for
transmitting wavelengths between around 3 and 12 um, or
even between around 3 and 14 um, which 1s well suited to
carrying out a gas detection. The range of wavelengths
which can be transmitted by an optic fiber 1s more limited
than those which can be transmitted by a photonic circuit.
For example, optic fibers based on 7ZrF, can transmit wave-
lengths ranging from the visible domain up to around 4.5
wm, and those based on InF, can transmit wavelengths
ranging irom the visible domain up to around 6 um. Optic
fibers based on chalcogenide can transmit wavelengths
between 1 and 8 um but they are expensive, fragile and the
connections of these fibers are absent or at the best complex
to produce.

[0026] Optic fibers also pose a problem of bulk compared
to a photonic circuit, on account notably of their consider-
able radius of curvature making their integration difficult. In
addition, the sheath of an optic fiber has a minimum size of
125 um, or even 250 um, which makes them difhicult to bond
directly on an mnput window of a chamber of a photoacoustic
cell.

[0027] Finally, optic fibers require a greater alignment
precision than that required for a photonic circuit.
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[0028] The acoustic detectors may be coupled 1n a detach-
able manner to the photoacoustic cell. Thus, the acoustic
detectors may be replaced or kept independently of the
photoacoustic cell, thereby increasing the modular character
of the device.

[0029] The photoacoustic cell may be formed by a stack of
several layers of materials. The elements of the cell may be
ctched 1n the layers of matenals.

[0030] According to a first example of embodiment, the
photoacoustic cell may comprise at least one stack of a first
and of a second layer of material 1n which may be formed
the chambers, the capillaries, the first housing, at least two
openings each being able to emerge in one of the capillaries
and at least two locations each being able to communicate
with one of the chambers and 1n which the acoustic detectors
may be arranged. Such a configuration 1s particularly suited
when the elements of the photoacoustic cell are produced by
chemical etching 1n a part of the thickness of the layers of
material.

[0031] According to a second example of embodiment, the
photoacoustic cell may comprise at least one stack of a first,
second, third and fourth layers of material 1n which may be
formed the chambers, the capillaries, the first housing, at
least two openings each being able to emerge 1n one of the
capillaries and at least two locations each being able to
communicate with one of the chambers and in which the
acoustic detectors may be arranged. The fact that the dii-
terent elements of the photoacoustic cell are produced 1n the
entire thickness of at least one of the layers of the stack
makes 1t possible to obtain patterns having edges clearly
perpendicular to each other.

[0032] According to a third example of embodiment, the
photoacoustic cell may be formed of a monolithic part of
sintered powders. Such a cell may be produced by 3D
printing.

[0033] According to a first example of coupling between
the light source and the first photonic circuit, the light source
may be optically coupled to an mput face of the first
photonic circuit by at least one collimation system being
able to comprise at least one lens, and the first photonic
circuit may form at least one waveguide. This first example
of coupling is suited notably when the light source emits a
light beam having a single wavelength.

[0034] According to a second example of coupling
between the light source and the first photonic circuit, the
light source may be capable of emitting a light beam having
several wavelengths and may be arranged against the first
photonic circuit which forms an arrayed waveguide grating
multiplexer—demultiplexer circuait.

[0035] According to a third example of coupling between
the light source and the first photonic circuit, the light source
may be optically coupled to an mput face of the first
photonic circuit by at least one optic fiber, and the first
photonic circuit may form at least one waveguide or an
arrayed waveguide grating multiplexer—demultiplexer cir-
cuit.

[0036] The device may further comprise at least one first
cooling system capable of thermally adjusting the light
source and, when the light source 1s not arranged against the
first photonic circuit, a second cooling system capable of
thermally adjusting the photoacoustic cell independently of
the light source. The use of two separate cooling systems
makes 1t possible to manage independently the operating
temperatures of the light source (temperature for example
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between around 19° C. and 26° C.) and of the photoacoustic
cell (temperature for example between around 15° C. and
20° C.).

[0037] The photoacoustic cell may further comprise at
least one second housing emerging on an output face of the
first chamber, and the device may further comprise at least
one second photonic circuit being able to couple optically
the output face of the first chamber to an optical detector and
arranged 1n a detachable manner 1n the second housing. In
this configuration, the second photonic circuit thus also
forms a part being able to be assembled and/or changed
independently of the other elements of the detection device.
[0038] The photoacoustic cell may be formed of one or
more metals. The use of one or more metals to form the
photoacoustic cell enables the walls of the chambers to
reflect the light beam, without addition of additional reflec-
tion means around the chambers.

[0039] The distance between the two capillaries may be
equal to around half of the length of at least one of the
chambers. This configuration makes 1t possible to have
better pressure homogeneity in the chambers of the photoa-
coustic cell.

[0040] A gas detection device 1s also proposed, compris-
ing at least one device as described above and gas input and
output channels communicating with the chambers of the
photoacoustic detection device, and wherein said at least one
wavelength of the light beam capable of being emitted by the
light source corresponds to at least one absorption wave-
length of at least one gas intended to be detected.

[0041] A method for producing a modular photoacoustic
detection device 1s also proposed, comprising at least the
steps of:

[0042] producing at least one photoacoustic cell includ-
ing at least two chambers connected by at least two
capillaries and forming a Helmholtz type differential
acoustic resonator;

[0043] coupling of acoustic detectors to the chambers;

[0044] producing at least one light source capable of
emitting a light beam having at least one wavelength
capable of making the photoacoustic cell resonate;

[0045] producing at least one first photonic circuit
arranged 1n a detachable manner 1 a first housing
formed 1n the acoustic cell and emerging on an 1nput
face of a first of the chambers, and optically coupling
the light source to the mnput face of the first chamber.

BRIEF DESCRIPTION OF THE DRAWINGS

[0046] The present invention will be better understood on
reading the description of examples of embodiment given
for purely indicative purposes and which 1s 1n no way
limiting while referring to the appended drawings 1n which:
[0047] FIG. 1 schematically shows a modular photoacous-
tic detection device according to a particular embodiment;
[0048] FIGS. 2A to 5 show the steps of producing the
photoacoustic cell of a modular photoacoustic detection
device according to a first example of embodiment;

[0049] FIG. 6 shows the resonance frequency and the
pressure homogeneity 1n the photoacoustic cell of a modular
photoacoustic detection device as a function of the spacing
between the capillaries of the photoacoustic cell;

[0050] FIG. 7 shows the amplitude of the acoustic signal
in the photoacoustic cell of a modular photoacoustic detec-
tion device as a function of the width of the capillaries of the
photoacoustic cell;
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[0051] FIGS. 8A to 8C show different coupling configu-
rations between the light source and the first photonic circuit
of the modular photoacoustic detection device;

[0052] FIGS. 9 to 12 each show a layer of material of a
stack forming the photoacoustic cell of a modular photoa-
coustic detection device according to a second example of
embodiment;

[0053] FIG. 13 shows a photoacoustic cell of a modular
photoacoustic detection device according to a third example
of embodiment.

[0054] Identical, similar or equivalent parts of the different
figures described hereafter bear the same numerical refer-
ences so as to make 1t easier to go from one figure to the
next.

[0055] The different parts shown in the figures are not
necessarily according to a umiform scale, in order to make
the figures more legible.

[0056] The different possibilities (variants and embodi-
ments) should be understood as not being mutually exclu-
sive and may be combined together.

DETAILED DESCRIPTION OF PARTICULAR
EMBODIMENTS

[0057] Retference 1s firstly made to FIG. 1 which sche-
matically shows a modular photoacoustic detection device
100 according to a particular embodiment. This device 100
corresponds here to a gas detection device.

[0058] The device 100 comprises a light source 102 here
corresponding to a laser. This laser may correspond to a
QCL (gquantum cascade laser) or ICL (interband cascade
laser) type laser emitting at least one wavelength 1n the MIR
domain, for example at a wavelength between around 2 um
and 10 um. Although not shown, the device 100 also
comprises an electrical supply of the light source 102 as well
as means ol modulating the light beam emitted at an acoustic
resonance frequency of the cavity in which the light beam 1s
intended to be sent. Compared to the use of a light source
which would not be collimated, the use of a light source 102
collimated in the device 100, by virtue of the reduction of the
window noise, makes 1t possible to considerably increase the
signal/noise factor, for example by a factor of 2. The window
noise corresponds to the parasitic acoustic signal that all the
solid parts emit when they are struck by the modulated light
wave.

[0059] In a vanant, the light source 102 may comprise
several lasers, and correspond for example to a QCL or ICL
laser bar, emitting a light beam formed of several difierent
wavelengths.

[0060] The light beam emaitted 1s then transmitted in a first
photonic circuit 104 which makes it possible to transmait the
light beam 1n a photoacoustic cell 106 of the device 100. The
first photonic circuit 104 comprises an mput face 105
optically coupled to the light source 102. The optical cou-
pling between the light source 102 and the first photonic
circuit 104 may be produced directly, for example by
arranging the light source 102 against the first photonic
circuit 104, or via the use of other means which will be
described hereafter. The first photonic circuit 104 also
comprises an output face 107. The first photonic circuit 104
1s mserted 1n a first housing 108 formed 1n the cell 106. In
FIG. 1, a part of the first photonic circuit 104 comprising the
output face 107 1s inserted in this first housing 108, and
another part of the first photonic circuit 104 1s located
outside of the first housing 108.
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[0061] The photoacoustic cell 106 of the device 100
comprises elements corresponding to cavities, or hollowings
out, which are:

[0062] a first chamber 110 1n which the gas to detect 1s
intended to be excited by the light beam emaitted by the
source 102, and of which an mnput face 109 intended to
receive the light beam 1s optically coupled to the output
face 107 of the photonic circuit 104 (due to the fact that
the faces 107 and 109 are parallel with each other and
are arranged against each other when the first photonic
circuit 104 1s mserted in the first housing 108);

[0063] a second chamber 112;

[0064] two capillaries 114 and 116 making 1t possible to
make the volumes of the chambers 110 and 112 com-
municate together.

[0065] The light source 102 1s aligned with the first
photonic circuit 104 1n order to inject the light into the first
chamber 110, without a procedure of alignment of the light
source 102 vis-a-vis the first chamber 110 being necessary
due to the fact that the msertion of the first photonic circuit
104 1n the first housing 108 automatically carries out this

alignment.
[0066] The capillaries 114, 116 are advantageously con-

nected to the chambers 110, 112 at the level of their lateral
taces (faces parallel to the plane (X,Z) shown in FIG. 1).
Thus, the capillaries 114, 116 and the chambers 110, 112
may be formed 1n a same layer, or waler, ol material, which
enables their production with a reduced number of manu-
facturing steps. In a variant, the capillaries 114, 116 may be
connected to the chambers 110, 112 at the level of their
upper or lower face (faces parallel to the plane (X,Y) shown
in FIG. 1), the ends of the capillaries 114, 116 being arranged
on or under the chambers 110, 112. In this case, the
capillaries 114, 116 and the chambers 110, 112 are made of

two separate layers of matenal.

[0067] The height of the capillaries 114, 116 (dimension
parallel to the Z axis shown 1n FIG. 1) 1s here less than or
equal to around half of the height of the chambers 110, 112.
This configuration makes 1t possible to have a resonance
frequency of the cell which 1s low, for example between
several hundreds of Hz and several kHz. In addition, this
configuration may be obtained when the cell 106 1s formed
by the stack of two layers of material by producing the
capillaries 114, 116 1n a part of the thickness of one of these
two layers (for example half of the thickness of the layer)
and by producing the chambers 110, 112 in a part of the
thickness of each of these two layers (for example half of the
thickness of each of the layers). Nevertheless, 1t 1s also
possible to have 1n a vanant capillaries 114, 116 of height
substantially equal to that of the chambers 110, 112. In this
case, the two layers of the cell 106 may be etched 1n a similar
manner with half of the capillaries 114, 116 and the cham-
bers 110, 112 produced 1n each of these two layers.

[0068] The cell 106 also comprises a first opening 118
emerging in the capillary 114 and making it possible to bring
the gas 1nto the chambers 110 and 112 via this capillary 114
and an mput channel connected to this first opeming 118. The
cavity 106 also comprises a second opening 120 emerging 1n
the capillary 116 and making 1t possible to evacuate the gas
outside of the chambers 110 and 112 via this capillary 116
and an output channel connected to this second opening 120.
In FIG. 1, the openings 118, 120 are produced substantially
at the middle of the length (dimension parallel to the Y axis
shown 1n FIG. 1) of these capillaries 114, 116. In a variant,
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the second opeming 120 may be used to bring the gas into the
chambers 110 and 112 via the capillary 116, and the first
opening 118 can serve to evacuate the gas outside of the
chambers 110 and 112 via the capillary 114.

[0069] The cell 106 may be produced from different
materials such as semiconductor, for example silicon, glass,
plastic, ceramic or instead metal such as for example alu-
minum, stainless steel, bronze, etc. Stainless steel 1s par-
ticularly advantageous because this metal i1s nert vis-a-vis
gases capable of being sent into the cell 106. The production
of a cell 106 made of metal 1s advantageous because the
walls of the chambers 110, 112 may 1n this case reflect light,
which enables this reflected light to again interact with the
gas present in the cell 106, and thus to improve the ampli-
tude of the photoacoustic signal.

[0070] The device 100 also comprises acoustic detectors
122, 124 such as mimaturized piezoresistive microphones,
for example of resonant beam type, or capacitive micro-
phones of vibrating membrane type, are also coupled to the
chambers 110, 112 1n order to carry out pressure measure-
ments 1n the chambers 110, 112. Each of the chambers 110,
112 may be coupled to one or more microphones, for
example up to eight microphones per chamber. The acoustic
detectors 122, 124 are arranged 1n locations 132, 134 (not
visible 1n FIG. 1) formed 1n the photoacoustic cell 106 and
enabling the acoustic coupling of the detectors 122, 124 to
the chambers 110, 112 of the cell 106 as well as the
mechanical support of these detectors 122, 124 on the cell
106.

[0071] Finally, the device 100 also comprises electronic
circuits for processing the signals outputted by the acoustic
detectors 122, 124, these circuits not being shown in FIG. 1.

[0072] The device 100 described here 1s modular and
comprises a photoacoustic cell 106 provided with the first
housing 108 and locations 132, 134 making 1t possible to
couple 1n a detachable manner, that 1s to say non-defini-
tively, the first photonic circuit 104 and the acoustic detec-
tors 122, 124 to the chambers 110, 112 of the cell 106. The
openings 118, 120 also make 1t possible to couple 1 a
detachable manner the cell 106 to the separate gas input and
output channels of the cell 106.

[0073] Ina vanant, only the first photonic circuit 104 may
be coupled 1n a detachable manner to the cell 106.

[0074] The operating principle of the device 100 1s similar
to that described 1n the document EP 2 515 096 A1l and 1s
thus not described in detail herein.

[0075] The cell 106 1s here fastened on a frame, for
example made of metal such as aluminum or brass, which 1s
mechanically and thermally decoupled from the light source
102, which makes 1t possible to manage thermally the cell
106 mndependently of the light source 102. The light source
102 may thus operate at a very precise temperature which
may be diflerent to that of the gas to study located 1n the cell
106. A first Peltier cooling system (also called Peltier
controller or Peltier module), or a water cooling system may
be associated with the light source 102 to adjust the oper-
ating temperature of the light source 102, whereas a second
cooling system, for example a second Peltier module or a
second water cooling circuit, may adjust the temperature of
the cell 106 where the gas to analyze 1s present. The device
100 15 heterogeneous due to the fact that the cell 106 and the
light source 102 do not have the same thermal conductivity.
This configuration makes 1t possible to have good thermal
management of the device 100.
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[0076] The steps of producing the photoacoustic cell 106
according to a first example of embodiment will now be
described with regard to FIGS. 2A to 5.

[0077] In this first example of embodiment, the cell 106 1s
formed by the assembly of two metal layers 126, 128 1n
which are etched, for example by chemical etching, the
clements of the cell 106. The metal layers 126, 128 each

have here a thickness equal to around 1.5 mm and are for
example made of stainless steel.

[0078] FIG. 2A shows a top view of the first layer 126 1n
which an upper face 130 of the first layer 126 1s visible. FIG.
2B shows a perspective view of the first layer 126 1n which
the upper face 130 1s visible.

[0079] The openings 118, 120 are etched through the
upper face 130 1n a part of the thickness of the first layer 126,
here equal to around half of the thickness of the first layer
126, that 1s to say equal to around 0.75 mm. The diameters
of the openings 118, 120 are equal with respect to each other
and are equal to the width (dimension parallel to the X axis)
of the capillaries 114, 116. The locations 132, 134 intended
to receive the acoustic detectors 122, 124 are also etched
through the upper face 130 in a part of the thickness of the
first layer 126, here also corresponding to around half of the
thickness of the first layer 126. These locations 132, 134
form grooves 1n which the acoustic detectors 122, 124 will
be arranged in abutment at the bottom of these grooves.
[0080] Fastening holes intended for the tightening of the
layers 126, 128 together and to ensure the sealing of the cell
106 are also etched through the entire thickness of the first
layer 126. Nine fastening holes, not visible in FIGS. 2A and
2B, are for example produced, five of these holes being
intended for the tightening of the layers 126, 128 against
cach other and four other holes being intended for the

support, above the cell 106, of a gas supply device of the cell
106.

[0081] FIG. 3A shows a bottom view of the first layer 126
on which a lower face 136 of the first layer 126 1s visible.
FIG. 3B shows a perspective view of the first layer 126 1n
which the lower face 136 1s visible.

[0082] A first part of the chambers 110, 112 and the
capillaries 114, 116 are etched 1n the form of trenches
through the lower face 136 in a part of the thickness of the
first layer 126, here equal to around half of the thickness of
the first layer 126, that 1s to say equal to around 0.75 mm.
The fastening holes (not visible in FIGS. 3A and 3B)
produced through the first layer 126 are thus also present at
the level of the lower face 136.

[0083] FIG. 4A shows a top view of the second layer 128

in which an upper face 138 of the second layer 128, intended
to be arranged against the lower face 136 of the first layer
126, 1s visible. FIG. 4B shows a perspective view of the
second layer 128 1n which the upper face 138 1s visible.

[0084] Trenches intended to form a second part of the
chambers 110, 112 are etched through the upper face 138 1n
a part of the thickness of the second layer 128, here equal to
around half of the thickness of the second layer 128, that 1s
to say equal to around 0.75 mm. The first housing 108 in
which the first photonic circuit 104 1s intended to be mserted
1s also etched through the upper face 138 1n a part of the
thickness of the second layer 128, here equal to around half
of the thickness of the second layer 128, that 1s to say equal
to around 0.75 mm. The dimensions of the first housing 108
are suited to the first photonic circuit 104 which 1s intended
to be optically coupled to the cell 106. Fastening holes (not
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visible 1n FIGS. 4A and 4B) are also produced through the
second layer 128. The number, the dimensions and the
positioning of these holes correspond to those formed
through the first layer 126. A second housing 140 1s also
ctched through the upper face 138 1n a part of the thickness
of the second layer 128, here equal to around half of the
thickness of the second layer 128, that 1s to say equal to
around 0.75 mm. This second housing 140 here has dimen-
sions similar to those of the first housing 108. This second
housing 140 1s intended to receive a second photonic circuit
146 which will be optically coupled to an output face 111 of
the first chamber 110 (opposite to the put face 109
intended to receive the light beam from the first photonic
circuit 104) and will make 1t possible to collect the output
light signal having crossed through the first chamber 110 1n
order to be able for example to check the alignment and the
power of the light beam emitted by the source 102. This
second housing 140 i1s nevertheless optional because the

device 100 may not comprise this second photonic circuit
146.

[0085] The two layers 126, 128 are then sealed together to
form the cell 106, shown in FIG. 5. The stack, or assembly,
obtained thus comprises, on the upper face 130 of the first
layer 126, the locations 132, 134 mtended for the acoustic
detectors 122, 124 and the openings 118, 120 for the nput
and the output of the gas from the cell 106. The housings
108, 140 are accessible from the lateral faces of the cell 106.

[0086] The dimensions of the elements of the cell 106 are
for example:

[0087] chambers 110, 112: length (dimension along the

X axis) equal to around 20 mm, width (dimension along
the Y axis) equal to around 1.5 mm, and height (dimen-
sion along the Z axis) equal to around 1.5 mm;

[0088] capillaries 114, 116: length (dimension along the
X axis) equal to around 20 mm, width (dimension along
the Y axis) equal to around 1.5 mm, and height (dimen-
sion along the 7 axis) equal to around 0.75 mm:;

[0089] spacing between the capillaries 114, 116 (dimen-
sion parallel to the X axis) equal to around 10 mm:;

[0090] height (dimension along the Z axis) of the hous-
ings 108, 140 equal to around 0.75 mm.

[0091] The total volume of the cell 106 1s equal to around
135 mm".
[0092] According to a variant of embodiment, the device

100 may comprise chambers 110, 112 not having similar
dimensions. In fact, given that the device 100 1s a minia-
turized device, an opposition of phases may appear between
the pressure signals measured in the two chambers 110 and
112 which 1s imperfect when the dimensions of the cham-
bers 110 and 112 are i1dentical. The subtraction of these two
signals which 1s carried out to obtain the desired measure-
ment 1s then not optimal. In order to improve this opposition
of phases, 1t 1s possible that the widths and/or the lengths of
the chambers 110 and 112 1s different to each other. An
optimization by simulation (for example by resolving the
equation of the pressure field in the device 100, waith
chambers 110, 112 of different sizes), for example via a
calculation by the finite elements method, leads to the
optimal ratio of the dimensions of the chambers 110, 112.

[0093] This pressure homogeneity in the chambers 110,
112 also makes 1t possible to couple a large number of
acoustic detectors per chamber and thus have a better signal
to noise ratio.
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[0094] To reduce the pressure difference 1in the chambers
110, 112, 1t 1s also possible to modily the spacing of the
capillaries 114, 116. It 1s thus advantageous that the capil-
laries 114, 116 are spaced apart by a distance equal to around
half of the length of the chambers 110, 112 (which corre-
sponds, for the example described previously, to a spacing of
10 mm between the capillaries 114, 116 for the chambers
110, 112 each of length equal to 20 mm). Consequently, the
pressure inhomogeneity in the chambers 110, 112 reduces,
and 1t 1s possible to increase the number of acoustic detectors
coupled to the chambers 110, 112, which makes 1t possible
to 1improve the signal/noise ratio of the device 100.

[0095] The curve 10 visible 1n FIG. 6 represents the value
of the resonance frequency obtained in the cell 106 as a
function of the value of the spacing between the capillaries
114, 116, and the curve 12 represents the pressure homoge-
neity (the percentage diflerence between the minimum value
and the maximum value of pressure in the chambers 110,
112) as a function of the value of the spacing between the
capillaries 114, 116. These data are obtained for chambers
110, 112 of length equal to 20 mm, of width equal to 1.5 mm
and height equal to 1.5 mm, and for capillaries 114, 116 of
length equal to 20 mm, of width equal to 0.8 mm and height
equal to around 1.5 mm, and in the case where the capillaries
114, 116 emerge 1in the chambers 110, 112 at levels corre-
sponding to around %4 and % of their length. The curve 12
clearly shows that the best homogeneity i1s obtained when
the capillaries 114, 116 are spaced apart by a distance equal
to half of the length of the chambers 110, 112, 1.¢. 10 mm in

the present case.

[0096] The curve 14 visible 1n FIG. 7 represents the value
of the amplitude of the acoustic signal obtained in the
chambers 110, 112 of the cell 106, when the spacing between
the capillaries 114, 116 1s equal to half of the length of the
chambers 110, 112, and by varying the width (dimension
along the X axis for the example shown 1n FIG. 1) of the
capillaries 114, 116 with the aim of finding the optimum
signal that can be outputted by the acoustic detectors 122,
124. This curve shows that the maximum value of the signal
obtained 1n the cell 106 1s obtained when the width of the
capillaries 114, 116 1s equal to around 1.5 mm.

[0097] In the example of FIG. 1 described previously, the
openings 118, 120 emerge substantially at the level of the
middle of the length of the capillaries 114, 116. In a variant,
these openings 118, 120 may be formed at another level than
the middle of the length of the capillaries 114, 116, and this
may be done without perturbing the symmetry of the flow of
the gas 1n the device 100 if the gas mput and output are
suiliciently narrow.

[0098] To increase the intensity of the signal measured by
the acoustic detectors 122, 124 of the device 100, it 1s
possible to produce the capillaries 114, 116 such that they
are arranged at the ends of the chambers 110, 112. Such a
configuration makes 1t possible to increase by around 5% the
amplitude of the signal measured by the acoustic detectors.
However, this increase in the amplitude of the signal occurs
to the detriment of the pressure homogeneity which, for its
part, reduces, while remaining good.

[0099] The different embodiment options described in the
document EP 2 515 096 Al, such as for example the use of
a Peltier eflect, an amplifier integrated in the device, or the
different examples of materials described, may apply to the
modular photoacoustic detection device described here.
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[0100] FIGS. 8A to 8C schematically show the device 100
according to diflerent configurations, having different pos-
sible couplings between the light source 102 and the first
photonic circuit 104.

[0101] In these three figures, the device 100 comprises a
first Peltier cooling system 142 associated with the light
source 102 making 1t possible to thermally manage the light
source 102 independently of the other elements of the device
100. The device 100 also comprises, 1n the configurations
shown 1n FIGS. 8A and 8C, a second Peltier cooling system
144 associated with a frame (not visible in FIGS. 8 A and 8C)
on which 1s arranged the cell 106 and making 1t possible to
thermally manage the cell 106 independently of the other
clements of the device 100, notably independently of the
light source 102 and making 1t possible to make the cell 106

work at a temperature different to that of the light source
102.

[0102] Moreover, 1n these three figures, the device 100
comprises a second photonic circuit 146, for example made
of silicon, optically coupled to the output face 111 of the first
chamber 110 (opposite to the mmput face 109 intended to
receive the light beam from the photonic circuit 104) and
making 1t possible to collect the output light signal having
crossed through the first chamber 110 in order to be able for
example to check the alignment and the power of the light
beam emitted by the source 102. A part of the second
photonic circuit 146 1s inserted 1 the second housing 140
formed in the cell 106 such that the output face 111 of the
first chamber 110 1s directly coupled to this second photonic
circuit 146. Finally, the device 100 comprises an optical
detector 148 intended to receive the signal from the second
photonic circuit 146.

[0103] In the first example shown 1n FIG. 8A, the light

source 102 corresponds to a laser source only emitting a
single wavelength, for example 1n the MIR, of which the
beam 1s sent 1nto a collimation system 150 including at least
one or even two lenses and making 1t possible to have at the
output a light beam collimated over several centimeters. In
fact, a QCL laser emits a laser beam divergent at 1ts output.
The collimation system 150 makes it possible to collimate
this beam and to reduce its size.

[0104] On arriving 1n the system 150, the beam 1s colli-
mated with a first correctly positioned lens of focal length 1.
If the laser source 102 1s a point source, it suilices to place
the output of the laser source 102 at the focal length of this
first lens, which makes it possible to have a beam parallel at
the output of the first lens. If the source 102 1s not a point
source, 1t 1s necessary to take into account in this case its
shape. Let y1 be the radius of the laser beam and 01 the
angle of divergence of the beam at the output of the source
102. The collimation of the light of this source 102 by a first
lens of focal length 1 produces a beam of radius y2=01*1 and
an angle ol divergence 02=y1/1. Whatever the lens, the
radius and the divergence of the beam depend on each other.
For example, to improve the collimation by a factor of two
(by reducing the angle by hall), 1t 1s necessary to multiply
the diameter of the beam by two.

[0105] In order to reduce the size of the collimated beam,
a group of two lenses 1s used 1n the system 150. If these two
lenses are convergent of respective focal lengths 11 and 12,
and 1f 1t 1s wished to reduce the laser beam, the lenses are
chosen such that 12<fl. The transversal magnification
obtained 1s given by the formula G=12/11.
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[0106] It 1s also possible to only position a single lens,
with 1n this case the laser placed at the focal length of the
lens 1n order to have a beam at the output of the lens which
1s collimated.

[0107] It 1s also possible to carry out the collimation and
the reduction of the beam using two lenses as may be done
with a telescope type mounting, that 1s to say an afocal
system formed of two lenses where the secondary focal
point of the first lens coincides with the primary focal point
of the second lens, making 1t possible to create a beam
reducer.

[0108] To ensure a good coupling between the first pho-
tonic circuit 104 and the assembly including the source 102
and the system 150, 1t 1s possible to place this assembly on
a support being able to control the translations and rotations
of the assembly along 3, 5 or 6 axes, thus making 1t possible
to obtain a good positioning of this assembly with respect to
the first photomic circuit 104 (which 1s placed in the first
housing 108 and which, as a result, 1s correctly positioned
linearly facing the first chamber 110 of the cell 106).

[0109] The collimation system 150 1s iterposed between
the light source 102 and the mput face 105 of the first
photonic circuit 104 which corresponds, 1 this first
example, to a waveguide suited to the wavelength of the
beam emitted by the source 102 and which makes 1t possible
to guide the beam 1n the first chamber 110. At the output of
the first chamber 110, the light beam 1s still collimated and
comes out of the first chamber 110 via the second photonic
circuit 146 forming a waveguide or a window that 1is
transparent vis-a-vis the wavelength of the beam.

[0110] In this first example, the light source 102 1s not 1n
direct contact, or bonded, to the first photonic circuit 104
which itself 1s mounted in a detachable manner 1n the first
housing 108 of the cell 106. The first cooling system 142 1s
arranged under the light source 102.

[0111] In the second example shown 1n FIG. 8B, the light
source 102 corresponds to a bar of several laser sources or
a single laser source. The source 102 1s here 1n direct contact
with the first photonic circuit 104 which corresponds to a
multiplexer/demultiplexer circuit of AWG (arrayed wave-
guide grating) type, or arrayed waveguide grating multi-
plexer/demultiplexer, for example made of Ge or S1Ge. The
optical coupling between the source 102 and the first pho-
tonic circuit 104 1s for example obtained via a direct
coupling by the edge of the first photonic circuit 104. The
source 102 1s here integral with the first photonic circuit 104.
The length of the first photonic circuit 104 1s greater than
that of the first housing 108 so that only a part of the first
photonic circuit 104 1s inserted 1n the first housing 108 and
that the light source 102 1s located outside of the cell 106
(this 1s also the case 1n the other examples described).

[0112] An example of positioning of the source 102 on the
first photonic circuit 104 1s described below. When the
source 102 corresponds to a bar of lasers, the outputs of the
bar are positioned facing the inputs of the first photonic
circuit 104 using a binocular magnifier. The bar of lasers 1s
placed on a support controlling the translations and rotations
of the bar along 3, 5 or 6 axes in order to carry out a
preliminary positioning of the bar vis-a-vis the first photonic
circuit 104. A camera visualizing the MIR radiations at the
output of the first photonic circuit 104 1s then used to adjust
in a more meticulous manner the positioning of the bar of
lasers by playing on the axes of the support. The optimal
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adjustment 1s obtained when the camera sees a consequent
illumination at the output of the first photonic circuit 104.

[0113] This second configuration makes 1t possible to
favor the temperature control of the light source 102, notably
when the source 102 corresponds to a bar of several lasers.
In fact, due to the fact that the wavelength emitted by each
laser varies with the operating temperature of these lasers, 1t
1s thus necessary to control the temperature of the bar of
lasers. Given that the source 102 1s 1n contact with the first
photonic circuit 104 and that this 1s also i direct contact
with the photoacoustic cell 106, 1t 1s not possible to inde-
pendently temperature control the source 102 vis-a-vis the
cell 106. If the cell 106 works at a different temperature to
that of the source 102, the temperature control of the cell 106
1s going to have an influence on the temperature of the
source 102. A temperature management of the source 102 1s
thus favored by associating a cooling system only with the
source 102 to ensure the correct operation of the latter. In the
third example shown m FIG. 8C, the optical coupling
between the light source 102, here of laser type, and the
input face 1035 of the first photonic circuit 104 1s produced
by an optic fiber 152. The use of such an optic fiber 152
enables easy control of the light beam, notably concerning
its direction. This third example 1s for example advanta-
geous when the light source 102 1s distant and/or not aligned
with the photoacoustic cell 106.

[0114] When the source 102 corresponds to a single laser,
the laser output may be connected to the optic fiber 152. This
fiber 152 1s placed facing the laser using a support, the aim
of which 1s to ensure optimal coupling between the laser and
the fiber 152. This support may correspond to a small plate
which 1s then fastened to the laser when the adjustment 1s
optimal. Once this first coupling has been carried out, a
similar coupling 1s carried out between the other side of the
fiber 152 and the mput of the first AW G type photonic circuit
104 corresponding to the wavelength of the beam emitted by
the laser 102. A support may also be used to align the first
photonic circuit 104 with the fiber 152. Once these adjust-
ments have been made, the first photonic circuit 104 1s
arranged 1n the first housing 108 facing the first chamber
110. The light thus enters ito the cell 106 with a certain
divergence. This does not prevent the interaction between
the laser and the molecules of gas to detect.

[0115] It 1s possible to use tapers, or progressive connec-
tions, at the mput of the first photonic circuit 104 1n order to
tacilitate the coupling between the fiber 152 and the laser. In
the case of the guided optic, such a taper makes it possible
to connect two guides of same thickness but of different
section for example by a prism with trapezoidal base.

[0116] 'The first photonic circuit 104 may comprise a
pointed-shaped end (at the level of the mput face 105), that
1s to say of width less than that of the remainder of the
photonic circuit 104. Such a pointed-shaped end makes 1t
possible to make less divergent the light beam obtained
notably at the output of the optic fiber 152, and 1s advanta-
geous when 1t 1s not necessary to collimate the light beam at
the 1input of the first photonic circuit 104.

[0117] In the first example of embodiment of the photoa-
coustic cell 106 described previously with regard to FIGS.
2A to 5, the cell 106 1s produced from two metal layers 126,
128 1n which are etched the elements of the cell 106. The
locations 132, 134, the housings 108, 140, the chambers 110,
112 and the capillanies 114, 116 are etched 1n a part of the
thickness of the metal layers 126, 128.
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[0118] In a variant, it 1s possible to implement steps of
ctching through the entire thickness of the layers of material
used to form the cell 106. This implies making use of more
than two layers of maternial to produce the cell 106. Such a

second example of embodiment of the cell 106 1s described
below with regard to FIGS. 9 to 12.

[0119] In this second example of embodiment, the pho-
toacoustic cell 106 1s produced by an assembly of four layers
of material, here four metal layers referenced 154, 156, 158
and 160, 1n which the different elements of the cell 106 are
tormed by laser etching. All the etchings carried out 1n each
of these layers 154 to 160 cross through the entire thickness
of this layer. In a variant of laser etching, 1t 1s possible that
a chemical etching 1s implemented through the entire thick-
ness of these layers.

[0120] The first layer 154 1s shown 1n FIG. 9. This first
layer 154 1s intended to form the upper cover of the cell 106
and ensure the closing of the upper faces of the capillaries
114, 116. Nine fastening holes 162 are etched through the
entire thickness of the first layer 154, this thickness being for
example equal to around 0.5 mm.

[0121] The second layer 156 1s shown in FIG. 10. This
second layer 156 1s crossed through by two slender openings
forming the capillaries 114, 116. It 1s also crossed through by
the fastening holes 162. When the first layer 154 1s arranged
on the second layer 156, the capillaries 114, 116 are thus
closed, at the level of the face of the second layer 156 which
1s 1n contact with the first layer 154, by the first layer 154.
The thickness of the second layer 156 1s for example equal
to around 0.5 mm.

[0122] The third layer 158 1s shown in FIG. 11. This third
layer 158 1s crossed through by two slender openings
forming the chambers 110, 112. It 1s also crossed through by
another opening intended to form the first housing 108 into
which the first photonic circuit 104 will be inserted (in this
example, the cell 106 does not comprise the second housing
140). Two other holes are formed through the third layer 158
to form the openings 118, 120 serving for bringing in and
evacuating the gas in the cell 106. Finally, the fastening
holes 162 are also produced through this third layer 158. The
thickness of this third layer 158 1s of the order of the
thickness of the first photomc circuit 104, advantageously
around 0.72 mm, that 1s to say the typlcal thickness of a
silicon substrate. The third layer 158 1s arranged against the
tace of the second layer 156 opposite to that arranged against
the first layer 154, that 1s to say such that the second layer
156 1s arranged between the first layer 154 and the third
layer 158. By thus positioning the third layer 158 against the
second layer 156, the gas input and output openings 118, 120
are positioned just above the capillaries 114, 116. This third
layer 158 also makes 1t possible to close the capillanies 114,
116 at the level of the face of the second layer 156 which 1s
in contact with the third layer 158. In addition, the chambers
110, 112 and the first housing 108 are closed, at the level of
the face of the third layer 158 which 1s 1n contact with the
second layer 156, by the second layer 156. Finally, when the
third layer 158 1s thus arranged against the second layer 156,

cach of the capillaries 114, 116 communicates with the
chambers 110, 112.

[0123] The fourth layer 160 i1s shown in FIG. 12. This
layer 160 1s crossed through by the opemings 118, 120, by the
fasteming holes 162, as well as by two other openings
intended to form the locations 132, 134 for the acoustic

detectors 122, 124. This fourth layer 160 closes the cham-
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bers 110, 112 and the first housing 108 at the level of the face
of the third layer 158 which 1s 1n contact with this fourth
layer 160. The thickness of the fourth layer 160 i1s for
example equal to around 0.5 mm.

[0124] For the production of the photoacoustic cell 106,
the four layers 154, 156, 158 and 160 are assembled against
cach other as described above, then fastened for example by
four screws arranged in the fastening holes 162 situated at
the corners of the stack of layers. A central screw may be
arranged 1n the fasteming hole 162 located at the center of the
cell 106, making 1t possible to make the cell 106 integral
with a frame. An additional mechanical part comprising gas
input and output channels enabling the mput and the output
of the gas to analyze in the cell 106, 1s for example arranged
on the cell 106. O-rings are arranged between the fourth
layer 160 of the cell 106 and this additional part. The
assembly 1s then tightened by four other screws to the frame
via the four remaining fastening holes 162, which ensures all
the more a maintaiming of the cell 106 to the frame.
[0125] In this second example of embodiment of the
photoacoustic cell 106, the dimensions of the chambers 110,
112 are for example equal to around 20 mm (length)* 0.75
mm (wi1dth)*0.72 mm (height), and the dimensions of the
capillaries 114, 116 are for example equal to around 20 mm
(length)* 0.5 mm (width)* 0.5 mm (height). The openings
118, 120 each have for example a diameter equal to around
0.3 mm. Finally, the dimensions of the housing 108 are for
example equal to around 6 mm (wi1dth)*7.5 mm (length)*0.
72 mm (height).

[0126] According to a third example of embodiment of the
photoacoustic cell 106, 1t may be produced by 3D printing
using metal powders sintered from a CO, laser, also called
DMLS for Direct Metal Laser Sintering. FIG. 13 schemati-
cally shows a photoacoustic cell 106 produced by such a
method. This method makes 1t possible to produce the cell
106 with optimal precision thanks to the production of layers
of thickness equal to around 0.02 mm and with a very good
resolution of details as well as excellent mechanical prop-
erties. Such a technique may be implemented with different
metals such as stainless steel, an alloy of chromium and
cobalt, aluminum, titanium or super-alloys such as those
sold under the tradename Incolnel®. The photoacoustic cell
106 obtained with this method corresponds to a monolithic
part.

1. Modular photoacoustic detection device comprising at

least:

a photoacoustic cell including at least two chambers
connected by at least two capillaries and forming a
Helmholtz type differential acoustic resonator;

acoustic detectors coupled to the chambers;

a light source capable of emitting a light beam having at
least one wavelength capable of exciting a gas intended
to be detected and which can be modulated to a
resonance Irequency of the photoacoustic cell;

a first photonic circuit optically coupling the light source
to an input face of a first of the chambers;

wherein the first photonic circuit 1s arranged 1n a detach-
able manner in a first housing formed 1n the acoustic
cell and emerging on the input face of the first chamber.

2. Device according to claim 1, wherein the acoustic

detectors are coupled 1n a detachable manner to the photoa-
coustic cell.

3. Device according to claim 1, wherein the photoacoustic
cell comprises at least one stack of a first and of a second
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layer of material in which are formed the chambers, the
capillaries, the first housing, at least two openings each
emerging in one of the capillaries and at least two locations
cach communicating with one of the chambers and 1n which
the acoustic detectors are arranged.
4. Device according to claim 3, wherein:
the locations are formed 1n a part of the thickness of the
first layer and cross through an upper face of the first
layer;
the openings cross through the entire thickness of the first
layer;
a first part of each of the chambers 1s formed 1n a part of
the thickness of the first layer and crosses through a

lower face of the first layer opposite to the upper face
of the first layer;

the capillaries are formed 1n a part of the thickness of the
first layer and cross through the lower face of the first
layer;

a second part of each of the chambers 1s formed 1n a part
of the thickness of the second layer and crosses through
an upper face of the second layer which 1s arranged
against the lower face of the first layer, the first and
second parts of each of the chambers being arranged
facing each other;

the first housing 1s formed 1n a part of the thickness of the
second layer and crosses through the upper face of the
second layer.

5. Device according to claim 1, wherein the photoacoustic
cell comprises at least one stack of a first, second, third and
tourth layers of material in which are formed the chambers,
the capillaries, the first housing, at least two openings each
emerging in one of the capillaries and at least two locations
cach communicating with one of the chambers and in which
the acoustic detectors are arranged.

6. Device according to claim 5, wherein:

the capillaries cross through the entire thickness of the
second layer, the first and third layers between which 1s
located the second layer forming upper and lower walls
of the two capillaries;

the chambers and the first housing cross through the entire
thickness of the third layer, the second and fourth layers
between which 1s located the third layer forming upper
and lower walls of the chambers and of the first
housing;

the locations cross through the entire thickness of the
fourth layer;

the openings cross through the entire thickness of the third
and fourth layers.

7. Device according to claim 1, wherein the photoacoustic
cell 1s formed of a monolithic part of sintered powders.

8. Device according to claim 1 wherein the light source 1s
optically coupled to an 1nput face of the first photonic circuit
by at least one collimation system comprising at least one
lens, and wherein the first photonic circuit forms at least one
waveguide.

9. Device according to claim 1, wherein the light source
1s capable of emitting a light beam having several wave-
lengths and 1s arranged against the first photonic circuit
which forms an arrayed waveguide grating multiplexer—
demultiplexer circuit.

10. Device according to claim 1, wherein the light source
1s optically coupled to an mput face of the first photonic
circuit by at least one optic fiber, and wherein the first
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photonic circuit forms at least one waveguide or an arrayed
waveguide grating multiplexer—demultiplexer circuit.

11. Device according to claim 1, further comprising at
least one first cooling system capable of thermally adjusting
the light source and, when the light source 1s not arranged
against the first photonic circuit, a second cooling system
capable of thermally adjusting the photoacoustic cell inde-
pendently of the light source.

12. Device according to claim 1, wherein the photoacous-
tic cell further comprises at least one second housing emerg-
ing on an output face of the first chamber, and further
comprising at least one second photonic circuit optically
coupling the output face of the first chamber to an optical
detector and arranged 1n a detachable manner in the second
housing.

13. Device according to claim 1, wherein the photoacous-
tic cell comprises one or more metals.

14. Device according to claim 1, wherein the distance
between the two capillaries 1s equal to around half of the
length of at least one of the chambers.

15. Gas detection device, comprising at least one device
according to claim 1 and gas mput and output channels
communicating with the chambers of the photoacoustic
detection device, and wherein said at least one wavelength
of the light beam capable of being emitted by the light
source corresponds to at least one absorption wavelength of
at least one gas intended to be detected.

16. Method for producing a modular photoacoustic detec-
tion device, comprising at least the steps of:

producing at least one photoacoustic cell including at least
two chambers connected by at least two capillaries and
forming a Helmholtz type diflerential acoustic resona-
tor;

coupling of acoustic detectors to the chambers;

producing at least one light source capable of emitting a
light beam having at least one wavelength capable of
making the photoacoustic cell resonate;

producing at least one first photonic circuit arranged 1n a
detachable manner 1 a first housing formed in the
acoustic cell and emerging on an input face of a first of
the chambers, and optically coupling the light source to
the mput face of the first chamber.

17. Method according to claim 16, wherein:

the production of the photoacoustic cell comprises the
production of at least one stack of a first and of a second
layer of material 1n which are formed, by chemical
ctching implemented 1n a part of the thickness of each
of the first and second layers, the chambers, the capil-
laries, the first housing, at least two openings each
emerging 1 one ol the capillaries and at least two
locations each communicating with one of the cham-
bers and in which the acoustic detectors are arranged,
or

the production of the photoacoustic cell comprises the
production of at least one stack of a first, second, third
and fourth layers of maternial in which are formed, by
chemical etching or laser implemented 1n the entire
thickness of each of the second, third and fourth layers,
the chambers, the capillaries, the first housing, at least
two openings each emerging in one of the capillaries
and at least two locations each communicating with one
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of the chambers and 1n which the acoustic detectors are
arranged, or

the photoacoustic cell 1s formed of a monolithic part of
sintered metal powders obtained by 3D printing.
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